Word count for text: 5145 2 Abstract 1 2 Tick-borne encephalitis virus (TBEV) and Omsk hemorrhagic fever virus (OHFV) are highly 3 pathogenic tick-borne flaviviruses; TBEV causes neurological disease in humans while OHFV 4 causes a disease typically identified with hemorrhagic fever. Although TBEV and OHFV are closely 5 related genetically, the viral determinants responsible for these distinct disease phenotypes have not 6 been identified. In this study, chimeric viruses incorporating components of TBEV and OHFV were 7 generated using infectious clone technology and their pathological characteristics were analyzed in 8 a mouse model to identify virus-specific determinants of disease. We found that only four amino 9 acids near the C-terminus of the NS5 protein were primarily responsible for the development of 10 neurological disease. Mutation of these four amino acids had no effect on viral replication or 11 histopathological features, including inflammatory responses, in mice. These findings suggest a 12 critical role of NS5 in stimulating neuronal dysfunction and degeneration following TBEV infection 13 and provide new insights into the molecular mechanisms underlying the pathogenesis of tick-borne 14 flaviviruses. 15 16 3 Importance 17 18
Introduction
Histopathology and immunohistochemistry 137 Brains from infected mice were collected and fixed in 10% neutral phosphate-buffered formalin at 7 138 dpi or at terminal stages of infection for each virus. Paraffin embedded brains were cut into 139 4-µm-thick sections, stained with hematoxylin and eosin (HE), and examined by light microscopy. 140 For detection of viral antigens, the sections were incubated with rabbit polyclonal antibody against 141 flavivirus E protein (51), and stained using the streptavidin-biotin-immunoperoxidase complex 142 method (Histofine SAB-PO kit; Nichirei, Tokyo, Japan). Sections were counterstained with Mayer's 143 hematoxylin. For detection of activated caspase-3, rabbit polyclonal anti-cleaved caspase 3 (1:500; 144 Cell Signaling Technology, Beverly, MA) was used. 147 For the detection of DNA breaks in neuronal cells, sections were incubated with 0.02 mg/mL 148 proteinase K (Sigma) and treated with a methanol solution containing 3% H 2 O 2 to block 149 9 endogenous peroxidase reactivity. Sections were then incubated with 0.5 µM terminal 150 deoxynucleotidyl transferase (TdT) (Invitrogen, Carlsbad, CA) and 10 µM biotin-16-dUTP (Roche, 151 Penzberg, Germany) in TdT buffer for 90 min at 37°C, followed by 152 peroxidase-conjugated-streptavidin. Sections were then counterstained with methyl green.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay

154
Quantitative RT-PCR of inflammatory cytokines 155 Total RNA was extracted from the brains of infected mice using Isogen (Nippon Gene, Tokyo, 166 PC12 cells were seeded onto collagen-coated eight-well chamber slides (Matsunami Glass Ind,. Ltd., 167 Kishiwada, Japan). Cells were infected with virus at a MOI of 10, and at 24 h post-infection, were 168 treated with 150 ng/mL rat 2.5S nerve growth factor (NGF) (BD, Franklin Lakes, NJ) in RPMI 169 1640 supplemented with 1% horse serum. After 72 h of treatment, cells were fixed in 4% (w/v) 170 paraformaldehyde for 20 min at 37°C, and observed by BZ-9000 (Keyence, Osaka, Japan). Cells 171 bearing neurites equivalent in length to the cell body diameter were scored using BZ-2 Analyser 172 software (Keyence). A total of 80 cells acquired from three independent experiments were 173 10 quantified.
Measurement of neurite length of PC12 cells
175
Statistical analysis 176 Data are expressed as means ± standard errors. The Tukey-Kramer test was used to determine 177 statistical significance of differences in the mean values of neurological scores (Table 3) (Table 3) . Effects of viral structural protein replacement on pathogenicity 185 The viral structural proteins, prM and E, have been shown to play important roles in the tissue 186 tropism and neuropathogenesis of flaviviruses (9, 26, 35). To assess whether these proteins are 187 responsible for the differences in pathogenicity between TBEV and OHFV, the chimeric infectious 188 clones TBEV/OHF-ME and OHFV/TBE-ME were generated by replacing the prM and E genes of 189 each virus with those from the other species ( Fig. 1A ). Viable chimeric viruses were recovered from 190 cells transfected with synthetic mRNA derived from the plasmid template and sequencing of each 191 progeny virus confirmed their chimeric composition. Basic replication characteristics were 192 investigated in BHK-21 cells. Although TBEV grew more rapidly than OHFV (P < 0.05), similar 193 growth curves were obtained between parental viruses and the virus with replacement of the prM 194 and E genes (no significant differences), indicating that prM and E did not affect viral replication 195 properties in cultured cells.
196
The pathogenicities of the chimeric viruses were evaluated in BALB/c mice using non-chimeric 197 11 wild-type viruses as controls (i.e., TBEV-pt and OHFV-pt). Mortality rates greater than 70% were 198 seen in each group, with no significant differences in onset of disease and survival time between 199 groups (Table 3) ; however, animals could be readily divided into two groups based on clear 200 differences in disease phenotype. Mice infected with chimeric viruses containing the TBEV NS 201 protein genes (i.e., TBEV-pt or TBEV/OHF-ME) began to show general signs, such as hunched 202 posture, ruffled fur, and general malaise at 7-9 days post-infection (dpi). The majority of mice that 203 succumbed to infection with either TBEV-pt or TBEV/OHF-ME (81.0% and 93.3%, respectively, 204 Table 3 ) showed typical indications of neurological illness such as loss of balance, paresis, OHFV/TBE-ME-infected mice exhibited obvious signs of weakness and were unable to complete 212 the assessments, but they attempted to perform the required tasks. The neurological scores for 213 severity in mice infected with either TBEV-pt or TBEV/OHF-ME were significantly higher than 214 those in mice infected with OHFV-pt-or OHFV/TBE-ME (P < 0.01). Taken together, these results 215 indicated that the structural proteins prM and E are not responsible for the differences in disease 216 phenotype elicited by TBEV and OHFV. Major organs (i.e., spleen, liver, lung, and brain) and serum were harvested at various time 219 points to determine viral titers in mice infected with parental and chimeric viruses. Virus was 220 initially detected between 1 and 3 dpi, with virus titers peaking between 3 and 5 dpi in serum and 221 spleen ( Fig. 3 ). No significant differences in viral titer were observed in the serum or peripheral 222 organs of mice infected with parental or chimeric viruses.
223
Similar viral titers were observed in the brains of mice infected with TBEV-pt and 224 TBEV/OHF-ME, with virus first detected at 5 dpi, and peaking at 7 dpi. In contrast, virus was not 225 detected in the brains of OHFV-pt-infected mice until 9 dpi, with viral titers reaching levels similar 226 to TBEV-pt or TBEV/OHF-ME-infected mice at 11 dpi.
227
Despite differences in disease phenotype, viral replication in OHFV/TBE-ME-infected mice was 228 similar to that seen in mice infected with TBEV-pt or TBEV/OHF-ME. These data indicate that the 229 replacement of viral prM and E proteins from OHFV with those of TBEV increased the 230 neuroinvasiveness of the virus, but did not directly affect disease phenotype.
232
The NS3 and NS5 genes determine neurological disease caused by TBEV in mice 233 To identify specific genetic determinants of disease phenotypes in TBEV and OHFV, we 234 constructed chimeric OHFV viruses with the C protein or each of the NS protein genes replaced 235 with the equivalent gene from TBEV ( Fig. 1A ). Viable chimeric viruses were recovered and basic 236 replication characteristics were investigated in BHK-21 cells. While growth of OHFV-TBE-NS3 237 was elevated slightly, there were no significant differences between parental OHFV and each 238 chimeric virus ( Fig. 2B ).
239
The pathogenicity of each chimeric virus was examined in a mouse model (Table 3) . OHFV (16.7% vs. 6.4%, respectively) ( Fig. 1 and Table 3 ).
262
The RdRp domain was further divided into three regions, and each region of OHFV was 263 substituted with that of TBEV ( Fig. 1B ). As shown in Table 3 To determine the effects of the four amino acid differences on the pathogenicity of TBEV and 276 OHFV we made a series of chimeric viruses substituting the 879-881 triplet and residue 891 either 277 individually or in tandem ( Fig 1C) . Insertion of the TBEV amino acid triplet 879-881 or residue 278 891 into the NS5 protein into OHFV led to only modest increases in the rate of neurological signs 279 when compared with the OHFV parental strain (20% and 22.2%, respectively vs. 6.3%; Fig 1C and 280 Table 3 ). However, substitution of all four amino acids (879 -881 and 891) resulted in a 281 significant increase in the frequency of neurological signs, similar to that seen with TBEV ( Fig. 1C   282 and Table 3 ).
283
To further demonstrate the critical roles of these four residues in the development of severe 284 neurological disease, we constructed a recombinant TBEV in which the four amino acids in the 285 C-terminus of NS5 were substituted with those of OHFV. Fewer mice infected with the chimeric 286 TBEV showed neurological signs compared to those infected with the parental TBEV. However as 287 shown in Table 3 , the four amino acid substitutions did not impact the morbidity, mortality, or TBEV grew more rapidly than OHFV (P < 0.05), similar growth curves were obtained in both BHK 299 and NA cells between parental viruses and the virus with four amino acid substitutions in NS5 (no 300 significant differences), indicating that these mutations did not affect viral replication properties in 301 cultured cells.
302
Viral loads in serum, spleen, and brain of infected mice were compared between mice 303 inoculated with TBEV-pt, TBEV/NS5 879 RYS 891 E, OHFV-pt, or OHFV/NS5 879 KFK 891 D ( Fig 4B) . 304 Transient viremia and multiplication in the spleen were observed in mice infected with each virus.
305
Detection of virus in the brain was delayed in OHFV-infected mice as compared to those infected 306 with TBEV (P < 0.05). However, the four amino acid substitutions in NS5 did not affect viral 307 multiplication in any of these organs (no significant differences). These results indicated that the non-suppurative encephalitis with mild perivascular cuffing and meningitis was observed in the 314 brains of some mice, but there were no significant differences between groups (data not shown).
315
Next, dying mice exhibiting obvious signs of severe illness, including the inability to stand or 316 move, total paralysis, and/or weight loss of >30%, were sacrificed for histopathological In this study, we utilized infectious clones of two viruses with different disease phenotypes to 357 determine the genetic determinants of neurological disease. We identified four amino acids in the 358 C-terminal region of TBEV non-structural protein NS5 that were critical determinants of 359 neurological disease, but did not affect viral replication or histopathological features. Interestingly, the amino acids 879 -881 Lys/Phe/Lys and 891 Asp are highly conserved among 433 TBEV ( Fig. 9 ). Eighty percent of TBEV strains encode these residues, with residues 880 Phe and 
Multiplication in organs of chimeric viruses following replacement of the envelope proteins.
Mice were infected with 10,000 pfu of each virus (TBEV-pt, TBEV/OHF-ME, OHFV-pt, and OHFV/TBE-ME). Viral titers in serum, spleen, and brain were determined by plaque assays on the days indicated. Error bars represent the SD (n = 4). By 11 dpi, all mice inoculated with TBEV/OHF-ME had died. * indicates a significant difference between TBEV-pt and OHFV-pt (P < 0.05). No significant differences were observed between TBEV-pt, TBEV/OHF-ME and OHF/TBE/ME. 
Expression of inflammatory cytokines in the brains of mice infected with chimeric viruses.
Mice were inoculated with 10,000 pfu of TBEV-pt, TBEV/NS5 879 RYS 891 E, OHFV-pt, or OHFV/NS5 879 KFK 891 D, and the expression of inflammatory cytokines in the brain was measured by real-time PCR. The levels of TNF-α, IL-1β, and IL-6 mRNA expression were measured at the time points indicated, and normalized against GAPDH. Expression levels are shown relative to uninfected controls. * indicates a significant difference (P < 0.05). The KFK-D motifs of TBEV are shown in bold type and are shaded.
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